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Intelligent speed adaptation (ISA) systems hold the promise of widespread and long-term improvement in speed behavior. These in-vehicle systems come in a range of configurations, from control systems that physically prevent the driver from exceeding a certain speed, to information systems, which simply warn a speeding driver.
To realize this promise, however, ISA systems must overcome significant hurdles in terms of consumer acceptance. Control systems, while effective in ensuring compliance with speed limits, are viewed extremely negatively by drivers. These systems are useful in some situations, including in fleet vehicles or for court-ordered driving remediation. However, it is unlikely that these systems would be voluntarily adopted for widespread use in private vehicles. Conversely, information systems are significantly less effective in reducing driver speeds. Moreover, although they are more acceptable to consumers, in most tests of information ISA systems in Europe, drivers have demonstrated resistance to the adoption of these systems.
This paper describes an Advanced Vehicular Speed Adaptation System (AVSAS), a new approach to ISA systems. This system, rather than attempting to simply limit the speed driven, offers a speed management system that adapts to drivers' speed behavior and the current roadway situation. AVSAS was evaluated in a fixed-based driver simulator experiment in which subjects drove without ISA, with a control or mandatory ISA system, with an information ISA, and with AVSAS. After the experiment, the subjects responded to a questionnaire that measured their acceptance of the different ISA systems. In addition, their driving behavior with each of the ISAs was analyzed.
RELATED RESEARCH IN INTELLIGENT SPEED ADAPTATION
Previous ISA systems can vary in three dimensions: the level of system persistence, the system speed limit, and the user interface (4):
• Level of system persistence. At one end of the spectrum, information systems can provide speed limit information and warnings when the speed limit is exceeded. At the other end, voluntary and mandatory ISA systems can have regulators, for example, a dead throttle mechanism that physically prevents the vehicle from exceeding a certain speed. Unlike mandatory systems, voluntary systems can be switched off or overridden by the driver.
• System speed limits. The simplest type is a fixed speed limit system, which has a single speed at which the ISA system will be activated. Variable speed limit systems use roadside beacons or
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Excessive speeding is responsible for an alarming number of fatalities and serious injuries. Research conducted by the National Highway Transportation Safety Administration (NHTSA) shows that approximately one third of annual fatal crashes involved at least one driver driving too fast for prevailing weather conditions or exceeding the legal speed limit (1) . In 2003, crash data analyzed by NHTSA showed that approximately 15% of all crashes are speed related (1) . NHTSA also estimated that speed-related crashes cost society more than $30 billion a year. On average, approximately 1,000 fatalities are reported every month in speed-related crashes.
Traditional approaches to reducing driver speeds have limited effectiveness both in terms of duration and location. For example, studies have shown that police speed enforcement efforts tend to reduce speeds only near the enforcement area and only for a limited global positioning systems and digital maps to activate the system on the basis of the speed limit for the current roadway. Dynamic speed limit systems allow for further refinement, varying the speed limit by roadway, weather conditions, or congestion.
• User interface. ISA systems provide visual displays, including head-up displays, dash-mounted light-emitting diode displays, enhanced speedometers; haptic displays, including stiffening of the accelerator pedal and virtual rumble strips; and auditory displays.
Previous studies of ISA systems have established a trade-off between system effectiveness and consumer acceptance (5). Mandatory control systems are more effective than voluntary control and information systems; mandatory systems are viewed unfavorably by drivers. Although voluntary and information systems are viewed more favorably than mandatory systems, these systems also face significant issues with consumer acceptance.
Numerous studies have shown that mandatory control intervention systems are much more effective in reducing speeding than voluntary control systems and information systems (6) (7) (8) (9) . Mandatory systems, with variable speed limits, can enforce complete compliance with speed limits. Analyses of voluntary systems, conversely, have shown that the percentage of time that these systems are actually turned on is very low. For example, in a large field operational test in Sweden, voluntary use of the ISA system was only 11% (10) . Moreover, drivers are inclined to switch off the system as soon as they have the opportunity to speed (11) .
Although effective in reducing speeding, mandatory systems face the largest hurdles in terms of consumer acceptance, with drivers who would benefit most from the ISA system most negatively inclined toward the system. Drivers have reported a range of negative reactions to mandatory, control ISA systems. Common reactions to these systems include increased stress, frustration, vulnerability, and low system satisfaction (12) (13) (14) . These reactions have produced predictable consumer resistance to these systems. In one typical set of experiments, 38% to 70% of subjects would not put a speed limiter in their cars regardless of the cost (8) .
Conversely, there is also evidence that there may be significant consumer resistance to voluntary and information systems. In one field operational test, 60% of drivers would not purchase an advisory system for £50 (8) . In another advisory system with a voice warning, 39% of drivers found the system annoying (13).
OVERVIEW OF AVSAS

Underlying AVSAS Architecture
Generally, research has shown that the mandatory ISA system has been the most effective in reducing speeding, thereby increasing safety. However, these systems are the least accepted, especially by drivers who could benefit the most. Conversely, although information or warning ISA systems are slightly more acceptable to consumers, studies have shown that they are significantly less effective in reducing vehicle speeds than mandatory ISA systems. The new ISA, AVSAS, was developed with the aim of having both an effective and acceptable speed management and control system, which would primarily be based on drivers' speeding behavior under normal conditions.
On the basis of subjects' individual driving preferences determined during a first phase of simulator experiment, AVSAS defines a target speed (TS) for each driver. This threshold value corresponds to the average speed above the speed limit subjects usually prefer to drive. The TS is simply given by where ΔS is the excess speed above the posted speed limit that a particular driver is comfortable driving.
When the TS is exceeded, AVSAS adapts its warning on the basis of individual speed profiles, driving scenario, and roadway geometry and condition. The overall architecture of AVSAS is shown in Figure 1 . When drivers approach potential hazards that require TS speed limit = +Δ S reduction in speed such as intersections, work zones, and curves, AVSAS response is individually customized and accounts for a number of factors including preferred deceleration rate and vehicle state at a given time.
AVSAS Decision Algorithms
The AVSAS learning and decision algorithm for system warnings was developed based on both individual current system state-ofthe-vehicle and driving styles. The algorithm determines the timing and modality of the warning to be provided. The driver has the option to turn the system off at any time and can override the system. Absent any approaching hazards (i.e., free-flow driving conditions), the warning strategy used is as presented in Table 1 . Figure 2 shows the three different visual modes developed for this experiment, which are displayed within the speedometer area of the instrument panel, and provides a color-coded warning system that alerts the driver's speeding status.
A haptic warning is given to the driver when his or her current speed exceeds the target speed. This warning is achieved by changing the amount of force required to push the gas pedal or to maintain its given position when the target speed is exceeded. An active accelerator pedal allows a counterforce to be generated when the TS is exceeded. The amount of the counterforce generated is controlled by a software program, which allows the active accelerator pedal to be either configured as a control system with sufficient force to prevent the driver from speeding, or to be used as a warning system with lesser force that the driver can overcome. Feedback from the system, including resistance, vibration, and blocking, is generated on the basis of the changing resistance in the gas pedal; this is shown in Figure 3 .
A host computer uses the AVSAS decision software module to control the amount of resistance in the gas pedal through an analog computer servomechanism. The software also generates control signals for the servo amplifier, which in turn controls the amount of current in the servomotor. In the event of an approaching hazard that requires the driver to decelerate, a warning strategy, as listed in Table 2 , is used.
The system was also designed to allow drivers to override the haptic warning by pushing the gas pedal against the feedback force. Once the TS is exceeded, the system can be put into an override mode by pushing the pedal all the way down. The system is reset when the speed drops below TS or there is a new approaching hazard.
DESCRIPTION OF EXPERIMENT
The experiment was conducted in two phases. The first phase involved driving under normal conditions without the assistance of any ISA system. This procedure established the baseline conditions for all the drivers. The drivers also completed surveys aimed at evaluating the fixed-based simulator for validation purposes. In all, 32 regular licensed drivers aged 22 and 38 were recruited through advertisements to participate in the experiment voluntarily. Twenty-one of the 32 drivers completed the second phase of experiment, in which the three ISA systems were introduced in the order of information, mandatory, and AVSAS. The remaining subjects were unable to complete the experiment because they were not available. The parameterization of the AVSAS system for each driver was based on the baseline driving data recorded during the first phase of the experiment. The experiment was conducted between August 2006 and March 2007. The participants were given detailed instructions and an overview of each phase of the experiment.
For each driver, the speed of the vehicle throughout the experiment was recorded and retrieved for each phase. In addition, other corresponding variables, including the acceleration, posted speed limit, road type, and elapsed time were recorded and retrieved.
The variables analyzed were the maximum and average speeds of the drivers for six road classifications. The road classes, with their posted speed limits, are: freeways (65 mph), collector roads (45 mph), local roads (35 mph), residential roads (25 mph), rural roads (55 mph), and urban roads (35 mph).
EXPERIMENT RESULTS
The simulator experiment confirmed that the new speed management approach in AVSAS represents a significant improvement in consumer acceptance, while still reducing driver speeds. The analysis showed that AVSAS reduced maximum and average speeds on four of the six road classes. On average, maximum speeds were reduced by approximately 5% on four of the six road segments and average speeds were reduced by approximately 3% on the same segments.
AVSAS Effectiveness
The individual maximum and average speeds computed for each road classification and for each driver with the AVSAS technology were compared with the baseline driving scenario, which is referred to here as NOISA. The aggregate maximum and average speeds for all the drivers were also compared each type of roadway. Table 3 shows a comparison of the percentage of drivers whose maximum speeds in AVSAS were less than those of the NOISA condition. These results, presented graphically in Figure 4 , show that, of the six road classifications, maximum speeds were reduced on four segments. On average, for the four segments, maximum speeds in AVSAS were reduced by approximately 67% compared with the NOISA condition. With AVSAS, maximum speeds were reduced the most on freeways (80.95%).
On average, the maximum speeds in AVSAS were reduced on four road segments compared with the NOISA condition, as shown in Table 4 . The reductions were determined to be statistically significant 
Percentage of Drivers
AVSAS≥NOISA AVSAS<NOISA for one of the four road types at a 5% level of significance (freeways: t = −2.63, p < .01).
Of the 21 drivers who completed both phases of the experiment, approximately 48% recorded reduced average speeds on all the six road types. These results are broken down by road type in Table 5 and Figure 5 . The average speeds of all the drivers, as shown in Table 6 , were reduced on four of the six road segments. These reductions, on the whole, represented approximately 3% over the NOISA condition. However, at 5% level of significance, these reductions were not statistically significant.
Effectiveness of AVSAS Relative to Other ISA Systems
The individual maximum and average speeds for AVSAS were also compared with those of the warning and mandatory ISA systems. As expected, and shown in Table 7 , most of the drivers' individual maximum speeds in AVSAS were not reduced significantly when compared with the mandatory and warning ISA systems. As shown in Table 8 , individual average speeds in AVSAS were not significantly reduced when compared with the mandatory and warning ISA systems, except on the freeway segment.
On average, the maximum and mean speeds with the mandatory and warning systems were generally found to be lower than those with the AVSAS system. A majority of the differences, particularly compared with the mandatory system, were found to be statistically significant at 5% level of significance.
The AVSAS technology was designed to provide drivers with the potential of exceeding the posted or prevailing speed limit up to a threshold. Thus, as expected, the drivers exceeded the speed limits more often than with particularly the mandatory ISA system, as well as the warning ISA system in some instances. In addition, the AVSAS technology provided the drivers with information on tolerable speeds above the posted speed limits, thereby allowing them to drive at those speeds rather than at the prevailing speed limits. As a result, the maximum and average speeds were found to be generally higher with AVSAS than with the two ISA systems.
Consumer Acceptance of AVSAS Relative to Other ISA Systems
The drivers were asked at the end of the experiment to identify whether they would be willing to accept installation of any of the systems in their vehicles as standard equipment. The responses, as shown in Figure 6 , demonstrate that a majority of the drivers (76.2%) would be willing to have the information ISA as standard equipment in their vehicles. Drivers preferred the AVSAS (61.9%) over the mandatory ISA (23.8%) as standard equipment in vehicles. Although more subjects would be willing to have the information ISA installed as standard equipment, fewer would be willing to pay for an information ISA compared with AVSAS. As shown in Figure 7 , the drivers indicated they were more willing to purchase the AVSAS technology (52.4%) than the other two systems. The participants were the least interested in the purchase of the mandatory ISA (19%). In addition, the drivers indicated that they most favored having the information-warning ISA (85.7%) installed if discounts were provided in their auto insurance premiums (see Figure 8 ). The mandatory ISA was the least preferred (42.9%).
CONCLUSION AND FUTURE WORK
In this simulator evaluation of AVSAS, the data showed that the technology holds the promise of striking the balance between effectiveness and acceptability. On average, maximum and average speeds were reduced using AVSAS compared with NOISA by 5% and 3%, respectively. Although the maximum and average speeds were not significantly reduced compared with the mandatory and warning systems, more drivers were willing to purchase the AVSAS technology, even if insurance discounts are not offered. Future work includes analyzing the effect of the different parameterization of adaptable algorithms underlying AVSAS. These analyses would more fully examine the extent to which AVSAS is successfully adapting to individual driver styles. Moreover, this analysis could explore the effect of different configurations on driver acceptance and driver speed behavior. This research involved 21 subjects. Although statistical significance was established for some of the reductions in the speed measures, it could be further enhanced by testing the system with additional subjects. Given the different nature of the real highway driver, AVSAS should be analyzed in long-term field operation tests. In addition to providing insight into the effectiveness of the system with the real-world driver, these tests could explore behavioral adaptations, both positive and negative, that might arise from long-term use of AVSAS. In a field operation test, AVSAS could be integrated with vehicle highway systems, as well as with geographical information systems or global positioning system information to enable the actual speed limits on road segments to be used in the underlying architecture.
The effect of any of the ISA systems on crashes and damages could also be addressed and drivers' speeding behaviors for each type of ISA would help with designs of vehicle speed management systems in the future. 
